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NGC 1068, a nearby type-2 Seyfert galaxy, is reported as the hottest neutrino spot in the 10-year
survey data of IceCube. Although there are several different possibilities for generation of high-
energy neutrinos in astrophysical sources, feasible scenarios allowing such emission in NGC 1068
have not yet been firmly defined. We show that the nucleus corona above the accretion disk would
be a plausible production site for the neutrinos observed above several TeV. The coronal parameters,
such as magnetic field strength and corona size, making this emission possible are consistent with
the spectral excess registered in the millimeter range. The suggested model and relevant physical
parameters are similar to those revealed for several nearby Seyferts by fitting their broadband
spectra. Due to the internal gamma-ray attenuation, the suggested scenario cannot be verified by
observations of NGC 1068 in the GeV and TeV gamma-ray energy bands. However, the optical
depth is expected to become negligible for MeV gamma rays, thus future observations in this band
will be able to probe our model.
Introduction.— IceCube registered first astrophys-
ical neutrinos with energies of TeV–PeV several years
ago [1, 2]. However, their origin remains uncertain [3].
Recently, a nearby Seyfert galaxy NGC 1068, which ap-
peared as the hottest spot in all-sky 10-year survey data
of IceCube, was tentatively reported to be a neutrino
source with 2.9-σ confidence level [4, 5]. Thus, studying
possible neutrino production mechanisms in NGC 1068
is timely task that may provide a key clue for unveiling
the origin of the cosmic diffuse neutrino background flux.
NGC 1068 is a type-2 Seyfert galaxy, which is a class
of active galactic nuclei (AGNs), emitting intense electro-
magnetic radiation in a broad range of frequencies. Such
sources are believed to be powered by mass accretion onto
the central supermassive black hole. Because of a signifi-
cant opacity, the observed X-ray photons are dominated
by the emission reprocessed by the surrounding cold ma-
terials [6–9]. The intrinsic X-ray emission is believed to
be generated through Comptonization of accretion disk
photons in hot plasma above the disk, namely in corona
[e.g., 10–15].
Based on theoretical arguments, AGN coronae have
been suggested as production sites for high-energy par-
ticles, which should generate gamma rays and neutri-
nos [see e.g., 16–21]. However, there is no clear obser-
vational evidence for the non-thermal coronal activity
[22, 23]. Several corona parameters, e.g., magnetic field
strength and corona size, have a critical impact on the
expected non-thermal flux level. As these parameters re-
main highly uncertain, one cannot rule out the presence
of high-energy participles in AGN corona.
The synchrotron emission of corona is a key for dis-
solving this problem as it reflects the non-thermal coro-
nal activity directly and allows determining corona mag-
netic properties [e.g., 24, 25]. By combining the radio
and X-ray spectra, one can also determine the size of
coronae [e.g., 26]. A characteristic feature of the coronal
synchrotron emission is spectral excess in the millimeter-
band, so called mm-excess. However, previous observa-
tions had presented inconclusive evidence of such an ex-
cess in the radio spectra of several Seyfert galaxies. A
key observational challenge in registering the excess is
the contamination by extended galactic emission and a
paucity of multi-band data [27–30].
Recently, Inoue and Doi [31] reported the detection
of coronal radio synchrotron emission from two nearby
Seyferts, IC 4329A and NGC 985, utilizing the Atacama
Large Millimeter/submillimeter Array (ALMA), which
enabled multi-band observations with high enough an-
gular resolution to exclude the galactic contamination.
These observations provided the first determination of
the key physical parameters of the corona: magnetic field
strength and its size. It was also shown that coronae of
Seyferts contain both thermal and non-thermal electrons
[31]. Given the coronal parameters constrained by X-ray
and radio observations, non-thermal acceleration process
there should be capable to boost particle energy to very-
high-energy band resulting in generation of high-energy
gamma-ray and neutrino emission [20].
A possible mm-excess also registered in the spectrum
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2of NGC 1068. Very Long Baseline Array (VLBA) radio
observations toward NGC 1068 reported the nucleus flux
at the level of ∼ 6 mJy at 5 GHz with a spectral index of
−0.17 [32], while it has been recently reported as 6.6 mJy
and 13.8 mJy at 256 GHz and 694 GHz, respectively,
utilizing ALMA [33, 34]. These core region observations
suggest that there is a spectral excess component in the
mm-band like in other Seyfert galaxies.
In this Letter, we first examine whether the reported
excess of NGC 1068 can be explained in the framework of
the coronal synchrotron emission model [26]. Then, ap-
plying the parameters constrained by the mm-excess, we
investigate the expected gamma-ray and neutrino fluxes
from the corona utilizing the model of Inoue et al. [20]
and compare those with the gamma-ray data and the ten-
tatively reported neutrino flux. Finally, we discuss the
reason why NGC 1068 appears as the hottest spot among
other Seyfert galaxies based on the corona scenario.
Observational Properties.— NGC 1068 is one of
the nearest and the best studied Seyfert 2 galaxies in
broad band [see e.g., 35, for details], where the central
engine is supposed to be blocked by the dusty torus. It
locates at a distance of ∼ 14 Mpc [1′′ ∼ 70 pc, 36]. The
AGN unification model was first proposed to explain the
presence of the polarized broad emission lines in the emis-
sion from this object [37].
The mass of the central black hole is still uncertain.
It is estimated as ∼ 1 × 107M from the measurement
of the rotational motion of a water maser disk [38–40].
However, the rotation curve is non-Keplerian [40]. The
SMBH mass is also estimated as ∼ 7 × 107M and ∼
1 × 108M from the polarized broad Balmer emission
line and the neutral FeKα line, respectively [41]. In this
study, we adopt 5 × 107M as the mass of the central
SMBH of NGC 1068.
In centimeter radio observations, the jets are promi-
nent and extend for several kpcs in both directions. In
the central ∼ 1′′ region, the downstream jet emission
dominates in the centimeter regime. The jet changes its
direction at ∼ 0.2′′ away from the nuclear region. This
change is presumed to be the result of an interaction
with a molecular cloud [32, 42, 43]. The VLBA 5 GHz
and 8.4 GHz observations reported the nucleus flux of
5.9 ± 0.5 mJy with a spectral index of −0.17 suggest-
ing the existence of a free-free emission component in
the core. At shorter wavelengths, the nucleus component
starts to dominate the entire emission [43, 44]. Together
with multi-frequency observations, a possible spectral ex-
cess was reported in the nucleus component [35, 45]. Re-
cently, high angular resolution ALMA observations re-
ported 6.6 ± 0.3 mJy and 13.8 ± 1.0 mJy flux from the
core at 256 GHz and 694 GHz, respectively [33, 34]. As
the expected free-free component at the mm band based
on the VLBA observations is only at ∼ 4 mJy, a new
spectral component is emerging in the mm band.
In X-rays, NGC 1068 was first studied by Ginga
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FIG. 1. The cm-mm spectrum of NGC 1068. The up-triangle,
square, and circle data points are from Garc´ıa-Burillo et al.
[33], Impellizzeri et al. [34], and Gallimore et al. [32], re-
spectively. We also show the data of Pasetto et al. [35] by
down-triangle as upper limits since those include outer re-
gions. The error bars correspond to 1-σ uncertainties. The
blue and green lines show the coronal synchrotron and free-
free component, respectively. The black solid line shows the
sum of these two components. For the comparison, the cm-
mm spectrum of IC 4329A is also shown in gray data points
with dashed model curves [31].
[6], where intense iron line was reported together
with an estimate for the intrinsic X-ray luminosity of
1043−44 erg s−1. Later, it is reported that the observed
X-ray emission is due to the reflected component [e.g.,
7]. Utilizing NuSTAR and other existing X-ray obser-
vatories, the reflected emission is revealed to be origi-
nated in multiple reflection components [8, 9]. The in-
trinsic 2-10 keV luminosity is estimated as LX = 7
+7
−4 ×
1043 erg s−1 [9], while according to Bauer et al. [8] it is
2.2 × 1043 erg s−1. In this Letter, we take the value of
LX = 7× 1043 erg s−1 as the fiducial value.
Coronal Synchrotron Emission.— Fig. 1 shows
the cm-mm spectrum of NGC 1068 based on measure-
ments reported by Gallimore et al. [32], Garc´ıa-Burillo
et al. [33], Impellizzeri et al. [34]. As the data by Pasetto
et al. [35] might be contaminated by the non-corona emis-
sion, we show them as upper limits. For comparison, we
show the spectrum of IC 4329A [31] in which coronal syn-
chrotron emission is clearly detected. NGC 1068 shows
a mm-excess similar to IC 4329A. We however cannot
claim a firm detection of this component in NGC 1068,
as it is constrained just by two data points (at ∼ 256 and
∼ 694 GHz).
In order to investigate the origin of the possible mm-
excess in NGC 1068, we fit radio spectral excess by coro-
nal synchrotron model [26], which existence is supported
by the X-ray emission. We take into account the VLBA
free-free component [32]. The coronal synchrotron emis-
sion is mostly determined by the following parameters:
3the corona size (Rc), the magnetic field strength (B),
the spectral index of non-thermal electrons (p), and the
energy fraction of non-thermal electrons (fnth).
The excess of NGC 1068 can be explained with pa-
rameters of Rc = 10 rs, B = 100 G, and p = 2.8. The
derived magnetic field and coronal size indicate that the
magnetic activity may not be able to sustain the hot
corona assuming the inner hot disk temperature of 30 eV
and the bolometric disk luminosity of 1045 erg s−1. This
requires another heating scenarios such as advection or
shock heating [see 20, 31, for details].
We fix the energy fraction of non-thermal electrons as
fnth = 0.03, which is required to explain the cosmic MeV
gamma-ray background radiation by the Comptoniza-
tion counterpart [20]. We adopt standard coronal tem-
perature and Thomson scattering optical depth value of
100 keV and 1.1, respectively [20], because both of them
are not determined in Marinucci et al. [9].
Coronal Gamma-ray and Neutrino Emission.—
NGC 1068 is also known as a gamma-ray emitter [46–
48]. The origin of the gamma-ray emission is still under
debate. Star formation activity [49], off-axis jet [46], disk
wind [50] have been discussed as a possible explanation.
The tentative neutrino flux is higher than the gamma-ray
flux [4], thus it is not easy for the previously proposed
models for gamma-ray emission to explain the reported
neutrino fluxes.
Here, AGN corona is a possible production site of
gamma-rays and neutrinos. Given our previous ALMA
measurements, we modeled the expected gamma-ray and
neutrino emission from AGN coronae [20]. Particles are
expected to be accelerated by the diffusive shock accel-
eration. Other mechanisms such as turbulence or recon-
nection can not explain the observed electron distribu-
tion because of low magnetic field strength. Gamma-rays
are generated through Comptonization of disk photons
and/or hadronic interactions in coronae. Hadronic inter-
actions also generate neutrinos. Because of intense accre-
tion disk photon field, & 100 MeV gamma-rays are signif-
icantly attenuated. Following Inoue et al. [20], we investi-
gate the properties of high energy emission of NGC 1068
utilizing the derived coronal parameters based on the
possible mm excess.
Fig. 2 shows the expected gamma-ray and neu-
trino signals from NGC 1068 together with the observed
gamma-ray data [47, 48, 51] and the preliminary IceCube
data [4]. The data is taken from the slides of Carver [4]
available at https://indico.cern.ch/event/768000/.
For the comparison, we also show the expected sensitiv-
ity curves of a future MeV gamma-ray mission, GRAMS
[52]. Gamma-ray model curve is the summation of lep-
tonic and hadronic gamma-rays after internal (mostly on
accretion disk photons) and intergalactic (on EBL pho-
tons) attenuation. For hadronic processes, we consider
both pp and pγ interactions.
We follow the assumptions on the coronal parameters
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FIG. 2. The gamma-ray and neutrino spectrum of NGC 1068.
The circle, square, and triangle data points are from The
Fermi-LAT collaboration [48], Ajello et al. [47], and MAGIC
Collaboration et al. [51], respectively. The green shaded re-
gion is the preliminary IceCube measurement [4]. The model
curve shows the expected gamma-ray and neutrino spectrum
from the corona. The solid line shows the expected neutrino
spectrum. The dotted and dashed line shows the gamma-ray
spectrum for the uniform case and the screened case, respec-
tively. We set ηg = 3000. We also overplot the sensitivity
curves of GRAMS for long duration balloon and satellite for
comparison [52].
as in Inoue et al. [20] except for the gyrofactor ηg and pa-
rameters determined by the coronal synchrotron model
fit to the mm-excess. While in Inoue et al. [20] it was as-
sumed that ηg = 30 in order to explain the measured TeV
diffuse neutrinos, in this Letter, we set it as ηg = 3000
to be consistent with the preliminary IceCube measure-
ment. Because of this large ηg, the maximum attain-
able proton energy is limited by the dynamical timescale
rather than cooling. We note that the injection powers
both in protons and electrons are set to the same as as-
sumed in Inoue et al. [20].
As NGC 1068 is an AGN, it also features a bright ac-
cretion disk. The disk emission absorbs gamma rays via
pair creation. For the internal gamma-ray attenuation,
we consider two cases. One is the “uniform” emissiv-
ity case as assumed in Inoue et al. [20], while the other
is the “screened” case. In the uniform emissivity case,
gamma-rays and disk photons are uniformly distributed.
Gamma rays are attenuated by a factor of 3u(τ)/τ , where
u(τ) = 1/2 + exp(−τ)/τ − [1 − exp(−τ)]/τ2. Here τ is
the gamma-ray optical depth computed from the center
of the corona. In the screened case, gamma-rays are as-
sumed to be generated in the inner part of the corona
and the dominant attenuating photon field surrounds it.
Since the disk temperature depends on the disk radius,
such configuration can be realized. Then, gamma-rays
are attenuated by a factor of exp(−τ). Gamma-rays are
also attenuated by the intergalactic photons during the
4propagation to the Earth. In this Letter, we adopt the
model by Inoue et al. [53] for the intergalactic attenua-
tion.
In the screened case, the model can explain the pre-
liminary neutrino signals above several TeV without vio-
lating the gamma-ray data. On the other hand, the uni-
form emissivity model violates the low-energy gamma-ray
data. This implies further detailed study of the coronal
geometry is necessary. Future MeV gamma-ray missions
such as GRAMS [52] and AMEGO[54] will verify our
model and help us to understand the coronal geometry,
which is not well understood yet.
Due to the internal attenuation, it is not easy for the
corona model to explain the entire observed gamma-ray
flux data up to 20 GeV, requiring another mechanism to
explain gamma-rays above 100 MeV such as star forma-
tion activity [49], jet [46], or disk wind [50].
Discussions and Conclusion.— Although
NGC 1068 is not the brightest X-ray Seyfert [55],
if we take into account the effect of the dust obscura-
tion, it appears to be the brightest intrinsically. For
example, intrinsically it would be by a factor of ∼ 3.6
brighter than NGC 4151 in X-ray, the brightest Seyfert
in the hard X-ray sky. As coronal radio synchrotron
and neutrino emission are not obscured by the torus,
NGC 1068 might be the brightest in the mm wavelength
and neutrino. This could be the reason why NGC 1068
appears as the hottest spot in the IceCube map rather
than other Seyfert galaxies.
NGC 1068 is one of the best studied type-2 Seyfert
galaxies. The nucleus flux in the cm band is measured as
∼ 6 mJy at 5 GHz with a spectral index of −0.17, cor-
responding to the nucleus free-free emission component
[32]. On the contrary, recently, at higher frequencies, core
flux is reported as 6.6 mJy and 13.8 mJy at 256 GHz and
694 GHz, respectively, utilizing ALMA [33, 34]. These
core region observations suggest that there is a spectral
excess component in the mm band. We found that the
coronal synchrotron emission model can reproduce the
observed mm spectrum.
Given the corona parameters based on ALMA mea-
surements, we further studied the resulting gamma-ray
and neutrino emissions from the corona of NGC 1068.
Although it is difficult to explain the gamma-ray flux
above 100 MeV due to significant internal attenuation
effect, the coronal emission can explain the preliminar-
ily reported IceCube neutrino flux above several TeV by
setting the gyro factor, i.e., a parameter that determines
the acceleration efficiency, to ηg = 3000. However, in
order not to violate the observed gamma-ray data, the
corona can not be uniform. The dominant attenuating
photon field needs to surround the gamma-ray emission
region. Since the disk temperature depends on the disk
radius, such a configuration can be realized. Future MeV
gamma-ray observations will be the key tool to test the
corona scenario.
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